A prospective study was performed to investigate postpartum changes in human bone metabolism and the effects of lactation on them. The subjects consisted of two groups: 13 women who stopped breast-feeding within 3 months postpartum (short-term group) and 14 women who continued breast-feeding for more than 6 months postpartum (long-term group). Serum carboxyl-terminal propeptide of type I procollagen (PICP), carboxyl terminal cross-linked telopeptide of type I collagen (ICTP), and bone gla protein (BGP) were measured prepartum, and at 5 days, 1 month, 3 months and 9 months postpartum.
RECENT studies have shown decreased mineral content of trabecular bones in lactating women [1] [2] [3] [4] [5] . These lines of evidence are consistent with the results of several animal studies which have shown mineral loss in the trabecular bones of lactating animals [6, 7] , but details of the change in bone metabolism in postpartum and lactating women have not been clearly defined. Notably, several elementary and important questions remain unanswered:
when and how the decrease in bone mineral in lactating women occurs, and whether breast-feeding alone has a deleterious effect on bone in postpartum women. Bone is a complex tissue constantly undergoing a process of renewal and remodeling that involves many different factors and substances. Considerable advances in quantitative assessment of bone mineral content have been made in recent years. Bone mineral content can be estimated with acceptable accuracy and precision by using dualenergy X-ray absorptiometry (DXA) [8, 9] , but bone mineral content at the time of the examination does not reflect the actual status of bone metabolism at that time, but rather the outcome of past bone turnover. Anatomical and physiological changes in women are extensive and profound during the short span of human pregnancy and puerperium. It is therefore difficult to follow the changes in bone metabolism that occur during a relatively brief period, such as the puerperium, by using an image generation technique alone. A panel of biological markers of bone metabolism that could be measured in blood or urine would enable the status of bone at any given time to be clarified, and would thus be useful as a complement to DXA measurement.
Recently, several promising bone-specific proteins which might serve as biological markers of bone turnover have been purified, and reliable assay systems for these proteins have been developed. These potential markers include the carboxyl-terminal propeptide of type I procollagen (PICP), carboxyl terminal cross-linked telopeptide of type I collagen (ICTP), and bone gla protein (BGP). PICP reflects the rate of formation of type I collagen, the main constituent of bone matrix [10] [11] [12] . ICTP reflects the rate of degradation of type I collagen [10, 11, 13] . BGP is the most abundant noncollagenous protein in bone and may represent the bone formation rate [10] . These proteins are released into the serum at concentrations correlated with the rates of bone formation and resorption [14] [15] [16] . Bone metabolism may thus be assessed quantitatively with these markers. Recently, several investigators have pointed out that ICTP is not a sensitive marker for estimating bone resorption, because the performance of ICTP as a marker appears to be reduced by low serum levels, i.e., near the detection limit of the assay, in healthy European and American populations . Nevertheless, our previous study demonstrated that serum ICTP is adequate for the detection of changes in bone turnover and is highly correlated with changes in postmenopausal Japanese women [201.
The present prospective study was performed in order to answer the above questions.
We examined postpartum changes in the bone metabolism of healthy women by measuring the bone mineral content of the lumbar spine and these serum biological markers. Moreover, the effects of lactation on these changes are also determined by comparing the time courses of these parameters in women breast-feeding long-term with those in women breast-feeding short-term.
Subjects and Methods

Subjects
A total of 30 healthy pregnant women at 38-39 weeks of pregnancy between October 1995 and February 1996 were selected as the subjects of this study. The criteria for inclusion in this study were 1) an uncomplicated pregnancy with a single fetus, 2) normal menstrual cycle before pregnancy, 3) no previous fractures, spinal deformities or any disease known to affect calcium metabolism, 4) planning to breast-feed long term (at least 6 months) or short term (0 to 3 months), and 5) intention to delay the next pregnancy for at least 9 months postpartum. All participants were native Japanese, non-smokers, and ranged in age from 21 to 35 years. During the study period, there were no restrictions on diet or physical activity. The only prohibition was against the use of drugs known to affect bone metabolism, including oral contraceptives. Although 16 women had planned on long-term breast-feeding and 14 on short-term breast-feeding, breast-feeding practices were modified at the participants' discretion, and it was therefore necessary to record either the time of cessation of routine breast-feeding (at least twice a day, consecutively) or resumption of menstruation. When women continued breastfeeding beyond the end of the study period, detailed inquiries were made by telephone by the first author. All subjects had an uneventful vaginal delivery between 38 and 41 weeks of pregnancy and breastfed their infant for at least 12 days postpartum. All infants were healthy, and weighed 2.6-3.8 kg, but three women, two who had planned shortterm breast-feeding and one who had planned long-term breast-feeding withdrew from the study between 1 and 3 months postpartum for personal reasons. Another woman, who had anticipated long-term breast-feeding, had to discontinue breastfeeding at 3 weeks postpartum due to insufficient lactation. Ultimately, 27 subjects completed the study. Fourteen women breast-fed their infants exclusively for more than 6 months postpartum Serum sample measurement PICP and ICTP were measured with a radioimmunoassay kit [12, 13] obtained from Orion Diagnostica (Oulunsalo, Finland). The concentration of intact BGP was determined with a two-site immunoradiometric assay kit [211 obtained from Mitsubishi Yuka (Tokyo, Japan). The intra-and interassay CVs were 3.2% and 5.6%, respectively, for PICP, 3.9% and 6.1% for ICTP, and 2.9% and 7.3% for BGP. To exclude subjects with renal or hepatic insufficiency, urea nitrogen (BUN), creatinine, alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were assayed in all samples by standard methods. All assays were performed within four weeks of collecting the serum samples.
Bone mineral measurement
Bone mineral content of the lumbar spine (L2-L4) was measured antero-posteriorly by dual-energy x-ray absorptiometry (Hologic QDR 2000, Hologic, Inc., Waltham, MA). Bone mineral content is expressed in terms of bone mineral density (BMD: g/cm2). The coefficient of variation (CV) inherent to the equipment was found to be 0.28% for a spine phantom and 0.76% for healthy volunteers by our radiologists.
On the basis of these data, our radiologists defined the minimal significant difference (MSD) for two BMD measurements in a single individual to be 2.5%. ICTP was already higher than the control level,it had increased to more than five fold the prepartum and 10 fold the control level by 5 days postpartum, gradually decreasing thereafter.ICTP levels at 3 months were still significantly higher than the control level.BGP was low prepartum,and undetectable(less than 1 ng/ml)in four(30.7%) and six(42.8%)samples from the short-term and long-term groups,respectively.Postpartum,BGP gradually increased until 3 months,and the levels determined at 1 and 3 months were significantly higher than the control level.
At 9 months postpartum,between-group differences were observed in the levels of serum markers.PICP and ICTP decreased to the control values in the short-term group but not in the longterm group.BGP in the short-term group was significantly lower than that in the long-term group.
Changes in lumbar BMD
The postpartum time course of the lumbar BMD in the short-term and long-term groups is shown individually in Fig.1 .At 3 months postpartum,a decrease in lumbar BMD was observed in all subjects and the decrease in 24 women(88.8%)was beyond the MSD.At 9 months postpartum,lumbar BMD had recovered to the puerperal level in 12 (92.3%)of 13 women in the short-term group,but in only 4(28.5%)in the long-term group.The recovery in BMD was seen in all subjects more than 130 days after the resumption of menstruation. The data for lumbar BMD during the study period are summarized in Table 3 .According to repeated measures ANOVA,the values at each measurement point differed significantly in both groups (P<0.001).The percentage of the decrease in lumbar BMD by 3 months postpartum was approximately the same in both groups.
Discussion
This study demonstrated that bone resorption reflected by serum ICTP is stimulated consistently and noticeably after human parturition and that the lumbar BMD in women is significantly decreased at 3 months postpartum regardless of the duration of breast-feeding.This study also confirmed the results of previous studies [1] [2] [3] [4] [5] which indicated that the accelerated bone turnover is maintained in lactating women,and that the significant bone mineral loss in lactating women is subsequently restored several months after resumption of menstruation.
A B Fig.1 .Postpartum time course of lumbar BMD in the short-term group(A)and the long-term group(B). Serum levels of the markers are reportedly influenced by renal and hepatic insufficiency, because the degradation of PICP occurs primarily via hepatic pathways [22] ,ICTP is apparently eliminated by the kidneys[131,and serum BGP is also affected by renal filtration 1231.We therefore examined hepatic and renal functions of all participants including the control subjects. Moreover,the samples were collected within a specified time,since all three biomarkers have been reported to have circadian rhythms [24, 25) .
The three serum markers of bone turnover showed characteristic changes from the prepartum period to 9 months postpartum.PICP,a marker of bone formation,remained at a relatively constant level throughout the study period.In contrast, ICTP,a marker of bone resorption,changed noticeably.Although significantly high ICTP and PICP levels in pregnant women and lactating women had already been confirmed in previous studies including ours [26, 27] ,the noticeable increase in ICTP soon after parturition is a striking observation made in this study for the first time. The possibility that the postpartum increase in ICTP may reflect degradation of uterine collagen due to uterine involution should be considered,but the effect of uterine involution on postpartum ICTP levels may be small,since the postpartum levels of PICP,a type I collagen-related protein the same as ICTP,were not significantly different from the prepartum level.Prepartum BGP was low or undetectable.This finding is basically in agreement with the results of previous studies [28, 29] .The disappearance of serum BGP during pregnancy has been speculated to be attributable to trapping or destruction of BGP by the placenta [29] . Postpartum,BGP gradually increased and was maintained at a high level from one month postpartum to the end of the study.The continued increase in postpartum BGP is in agreement with earlier reports [1, 3] and suggests a high degree of bone formation during this period.Although the time courses of these markers were essentially the same in both groups up to 3 months postpartum, between-group differences in the serum markers were observed at 9 months.PICP and ICTP decreased to the control values in the short-term group,but higher levels than the control were maintained in the long-term group.The BGP level in the short-term group was also significantly lower than that in the long-term group.These biochemical findings were consistent with the significant decrease in lumbar BMD seen at 3 months postpartum in both groups and with the recovery of lumbar BMD at 9 months postpartum in the short-term group. The results of this study indicate that bone resorption is greatly stimulated after parturition and suggest that parturition as well as lactation causes a bone loss.We consider this evidences to be important in elucidating the pathophysiology of post-pregnancy osteoporosis and in devising ways to prevent it.Parturition is therefore a risk factor of osteoporosis.This realization may help clinicians understand the clinical evidence indicating that post-pregnancy osteoporosis occurs soon after parturition and in women who breastfeed for only a short time [30, 31] .
The characteristic change in estrogen secretion in postpartum women may explain why bone resorption is stimulated consistently after parturition regardless of lactation.Maternal serum estradiol levels rise throughout pregnancy until term,reaching 70 to 110 nmol/L,and then decline to approximately one-thousandth that level at 2 or 3 days postpartum [32] .A causal relationship between estrogen deprivation and bone loss is well known.A sharp and rapid increase in the rate of bone loss following oophorectomy has been reported in many studies,and the efficacy of estrogen replacement therapy in reducing bone loss after the cessation of ovarian function has been well-documented [33] .The acute weight loss in the puerperium could be considered as an another causative factor,because the positive correlation between vertebral density and body weight is also well known [34] .In this study,however,the percent BMD decline at 3 months postpartum was not correlated with the decrease in maternal weight (data not shown).The lost BMD is restored 4-5 months after the resumption of menstruation;i.e., 6-8 months after weaning.This is consistent with the results of earlier reports [1,3,51,and is generally attributed to physiological changes caused by the hyperprolactinemic hypoestrogenic state maintained by lactation [35] . Previous reports demonstrated no significant reduction in lumbar BMD over the period 2-3 days to 24 weeks postpartum in exclusively formulafeeding women or in the women in whom lactation was inhibited with bromocriptine,in spite of a 5.1-6.5% reduction in lumbar BMD in breast-feeding women [1, 3, 5] .The discrepancy between their results and ours can be explained mainly by differences in the measurement points and partly by the study population.This conclusion is based on the fact that lumbar BMD recovered to the puerperal level at 9 months postpartum in our short-term group and that lactation was not completely inhibited in our short-term group.
In conclusion,our data demonstrate that bone resorption is stimulated by parturition as well as lactation,resulting in postpartum loss of lumbar BMD.This bone loss is not reversed until several months after the resumption of menstruation.
